In view of growing concerns of global warming and depleting oil/gas reserves, many nations are considering use of hybrid photovoltaic-diesel technology as an option for power generation The Kingdom of Saudi Arabia has higher level of solar radiation and is a prospective candidate for deployment of solar photovoltaic systems. Literature indicates that commercial/residential buildings in the Kingdom consume about 10-45% of the total electric energy generated. The aim of this study is to analyze solar radiation data in city of
Introduction
The world is highly concerned about extensive use of fossil fuel (oil/gas) for power generation due to unprecedented growth of industrialization and world population. This has led to climate change and global warming issues (CO 2 emissions) which are subject matters of debate by researchers. The CO 2 emissions are hazardous to our planet. To mitigate that issues, researchers and policy makers are deliberating on exploitation of the renewable energies (solar, photovoltaic-PV, and wind) as the alternative to the conventional fossil fuels. The Kingdom of Saudi Arabia's (KSA) total installed electricity generation capacity has increased significantly (from 1,141 MW in 1975, to 46,000 MW in 2010, and also the peak demand is expected to be 59,000 MW in 2020) during the last two decades. The annual demand growth is -------------- 8 percent. About 70 percent of the power generated goes into air-conditioning [1] [2] [3] [4] . This increase can be attributed to rapid growth in residential, commercial, and industrial sectors. Literature reveals that commercial/residential buildings in KSA consume 10-45% of the total electric energy consumed [1] . Increased rate of electric energy consumption is one of the biggest problems being encountered by the electric companies in the KSA. In order to cope with the increasing electricity consumption trends, it is necessary to explore every feasible option for generating more energy [4] . Various alternatives for generating more energy include (but not limited to): use of full PV power systems to meet load, use of hybrid systems (such as wind-diesel, PV-diesel, wind-PV-diesel), use of stirling-engine driven generators, etc. In KSA perspective, one of the potential option to overcome energy issue is by exploitation of solar energy [5] . Since KSA is blessed with high solar radiation levels, an appreciable portion of its energy needs may be harnessed from solar energy (indispensable/sustainable/nature-friendly). Solar radiation intensities of geographically different provinces of KSA are presented in tab. 1. However, the present work (as a case study) concentrates on Yanbu (western province). More importantly, the future prospects of renewable/solar PV based power systems are expected to be promising. Solar energy is one of the sustainable/potential/in-exhaustible, site-dependent, benign/nature-friendly (does not produce emissions that contribute to greenhouse effect) source of renewable energy options. This renewable energy source has been pursued by a number of countries with monthly average daily solar radiation level in the range of 3-6 kWh/Sq.m, in an effort to reduce their dependence on fossil-based non-renewable fuels [6] [7] [8] [9] [10] [11] [12] [13] . Solar collectors can be classified as either solar thermal energy converters or solar electric energy converters. Devices that directly convert solar into electric energy are generally called PV [11] . The concept of PV is well-understood and currently thousands of PV based power systems are being deployed worldwide, for providing power to small, remote, grid-independent/de-centralized applications [6] . Additionally, use of renewable/solar energy reduces combustion of fossil fuels and the consequent CO 2 emission which is the principal cause of global warming. Global warming is expected to change terrain and climate of many countries unless measures are taken [14] [15] [16] [17] change (due to carbon emissions), about 160 nations have reached a first ever agreement (to turn to renewable/wind/PV power) to limit/cut carbon emissions. Although, solar energy is enormous, but PV driven power system is still an expensive option (PV system capital cost is about 4000$/kW, capital cost of conventional power systems is about 1000$/kW) [18] . The high initial investment cost of PV systems poses to be the main barrier/pressing-factor/roadblock that hampers promotion of this technology in large-scale. Nonetheless, PV finds application in remote areas (where it is un-economical to extend/stretch the utility grid) which lack access to electric grid [18, 19] . The PV systems have the advantage of minimum/un-attended maintenance and easy expansion (up-sizing) to meet growing energy needs. The PV modularity/expandability (modules are available off-the-shelf) is one of its major strength and it allows the users to tailor PV system capacity to the desired load. The PV systems produce electricity during the times when we demand it most, on hot sunny days coinciding with our peak electricity consuming periods. The demerits are: PV is capital-cost-intensive and its sunshinedependent output does not match the load on 24 hours basis. However, technological breakthroughs (yielding cost reduction of PV, improved efficiency, etc.) may change the situation [10, 18] . Despite abundant availability of solar energy, a PV system alone can not satisfy load on a 24 hour basis [18] . Stand-alone diesel power generation sets (relatively inexpensive to purchase), are generally expensive to operate and maintain especially at partial loads [20] . Often, the variations of solar energy generation do not match the time distribution of the load. Therefore, power generation systems dictate provision of battery storage facility to narrowdown/ /smoothen/dampen the time-distribution-mismatch between the load and solar energy generation and to facilitate for maintenance/outages of the systems [10, 21] . The PV generated electricity stored in batteries can be retrieved during nights. Use of diesel system with PVbattery reduces battery storage requirement. Research conducted world-wide indicates that hybrid PV/diesel/battery system (represents an economically acceptable compromise between the high capital cost of PV autonomous system and high O&M + fuel cost of fossil fuel generators) is a reliable source of electricity [19] . Hybrid systems add a new dimension to the time-correlation of intermittent PV sources. The PV and diesel have complementary characteristics: capital cost of PV is high as compared to diesel, operating cost of PV is low (relative to diesel), maintenance requirements of PV are less as compared to diesel, diesel energy is available all the time where as availability of PV is highly dependent on solar radiation [19] . The prospects of hybrid systems have gained momentum and a number of PV-diesel-battery installations (with capacity factors in the range of 20-35%) exist around the world [19, 22, 23] . The cumulative installed capacity of all solar systems around the world was about 3,120 MWp in 2003. The global installed capacity of solar power is expected to reach 207 GWp by 2020 (the cost of solar modules is likely to go down to US$1 per watt delivered). Also, the projections indicate that by 2020 solar systems can provide energy to over a billion people globally and provide 2.3 million full-time jobs [24] .
The research on feasibility of renewable energy systems at city of Dhahran, KSA, has been the subject matter of several earlier studies [25] [26] [27] [28] [29] . In the present work, the economic analysis of utilization of hybrid PV-diesel-battery power systems to meet the load of a typical residential building (with annual electrical energy demand of 35,120 kWh) in Yanbu (latitudes 24° 07' N, 38° 03' E, West coast) western province of KSA has been studied by analyzing long-term (1971-1980) solar radiation data. In general, long-term data indicates that the monthly average daily solar radiation/insolation of KSA varies from 3.61-7.90 kWh/m 2 . The solar radiation intensity has been used to assess the potential of using solar PV technology for residential loads. National Renewable Energy Laboratory's (NREL) or HOMER Energy's HOMER software has been employed to perform the techno-economic analysis. The HOMER is a sophisticated tool or computer-model that facilitates design of stand-alone electric power systems [30] . The hybrid systems considered in the analysis comprise of different combinations of PV modules/arrays supplemented by battery storage and diesel power generation sets. Also, for that hybrid configuration, the study examines the impact of PV penetration on: carbon emissions (tons per year), diesel fuel consumption (L per year), net present cost (NPC, US$), COE (US$/kWh), etc.
Background information and load data
The KSA is basically an arid/desert land with long hot summers, and short cold winters. The topographic features of the KSA are characterized by mountains in the west bordering the Red Sea that act as wind deflectors, large desert areas in the interior where high temperatures create low pressure cells, and the Arabian Gulf and Red sea which are Sea areas in the east and west, respectively. To the west of KSA, the Gulf of Aqaba and the Red Sea form a coastal border of almost 1,800 kilometers. The KSA is located within the latitudes 16 o N and 32 o N. The month of March marks the beginning of spring and the transition from winter to summer climate. Climatic conditions dictate the availability and magnitude of solar energy at a site. Solar PV systems are characterized by availability of solar insolation/regime/resource. The long-term solar radiation data of used in the present study covers the period 1971-1980 [31] .
Yanbu is a major Red Sea port and 30 years old industrial city that plays a major role in the economy of KSA. The population is 250,000. It is an important petroleum shipping terminal and is home to several petrochemical plants. The power generation plant in Yanbu has a capacity of 1,030 megawatts. The KSA has approximately one-fifth of the world's oil reserves, and is the largest oil producer and exporter of total petroleum liquids in the world. Natural gas and oil had 44% and 56% share in conventional power generation in 2008. Figure 1 shows the contribution of different energy sources in the total conventional power generation in the country [32] .
An important consideration of any power generating system is load. Load has substantial impact on system design. The present work focuses attention on residential loads. As a case study and as a representation of residential buildings, the annual average energy consumption of a typical two bedroom house (floor area = 169.8 m 2 ) has been considered as yearly load (35, 120 kWh) in the present study [33] . The daily average load profile is shown in fig. 2 . The load seems to peak during June to September. The peak requirements of the load dictate the system size. The load could also be a representation of many remotely located residential buildings which lack access to the utility grid (even today, there are many communities living or dwelling in small pockets in remote locations of KSA). The KSA area is large, with large number of settlements (far from electric grids) scattered all over the KSA. The supply of electricity to these remote villages through diesel generators alone or by connecting into the nearest grid could be an expensive option. The retrofitting of PV systems along with the diesel systems may result in reduced fuel transport/storage/consumption, lower diesel emissions, fewer diesel spills, and longer engine life.
In the present study, the selection and sizing of components of hybrid power system has been done using NREL's (HOMER Energy's) HOMER software. The HOMER is a hybrid system design software that facilitates design of electric power systems for stand-alone applications. Input information to be provided to HOMER includes: electrical load data, renewable resources data (solar radiation data), component technical details/costs, constraints, controls, type of dispatch strategy, etc. The HOMER designs an optimal power system to serve the desired loads. The HOMER is an simplified optimization model/code, which performs hundreds or thousands of hourly simulations over and over (to ensure best possible matching between supply and demand) in order to design the optimum system. It uses life cycle cost to rank order these systems. It offers a powerful user interface and accurate sizing with detailed analysis of the system. The software also performs automatic sensitivity analysis to account for the sensitivity of the hybrid system design to key parameters, such as the resource availability or component costs [30] .
Solar radiation data and characteristics of hybrid PV-diesel system
The long-term (1971-1980) monthly average hourly values/profiles of solar radiation for Yanbu are plotted in fig. 3 . In general, the monthly average daily values of solar global radiation/insolation (of the locations considered in the study) range from 3.61-7.90 kWh/m 2 [31] . The yearly average daily values of solar radiation of different locations/provinces are shown in tab. 1. It can be depicted from fig. 3 that solar radiation is generally higher during the summer months (May to August) as compared to other months (this is due to topography). This implies that solar systems would produce appreciably more energy during summer time. This seasonal pattern/trend of solar radiation matches with the higher load requirements during summer period in KSA. This is a favorable characteristic because electricity demand is high during the summer months in KSA Relatively less load can be met/covered during nonsummer months because of blocking of Sun's rays by clouds.
Figure 3. Monthly average hourly solar radiation at Yanbu
The long term average data (of Yanbu) shown in tab. 1 has been used for simulations (in HOMER). The energy calculations are made by matching the solar radiation data with the characteristics of PV modules [34] . The characteristics of some of the commercial PV modules are furnished in tab. 2. The PV modules which are composed of several solar cells are integrated/clustered in series-parallel arrangement (cells are wired in series to provide greater voltage and in parallel to provide greater current) to form solar arrays. Despite advancements in the state-of-the-art, today's best PV systems can achieve an overall efficiency of about 15-20% [11] . These lower efficiency values may not make this alternative attractive at the moment. However, technological breakthroughs may change the scenario [10, 18] . The schematic of hybrid PV-diesel-battery system is shown in fig. 4 . The dispatch strategy is load following type and interaction between different components is: in normal operation, PV feeds the load demand. The excess energy (the energy above the average hourly demand; if any) from the PV is stored in the battery until full capacity of the battery is reached. The main purpose of introducing battery storage is to import/export energy depending upon the situation. In the event, that the output from PV exceeds the load and the battery's state of charge (SOC) is maximum, then the excess energy is fed to some dump load or goes un-used (due to lack of demand). A diesel system is brought-online at times when PV fails to satisfy the load and when the battery storage is depleted (i. e. when the battery's SOC is minimum).
Results and discussions
The hybrid systems simulated consist of different combinations of PV panels/modules supplemented with battery bank and diesel generators. The study explores a suitable mix of inter-dependent dominant/key parameters/variables such as: PV array power (kWp), battery storage, and diesel capacity to match the predefined load (with 0% capacity shortage, zero load rejection). As a rule of thumb, diesel generators are sized to meet the peak demand of the power. The peak demand of the present casestudy is 9.3 kW as depicted in fig. 4 . In this regard, two diesel generator sets with a combined power of 10 kW (to cover peak load and to cover spinning/operating reserve of about 10% to overcome rapid changes in load) have been considered for carrying out the techno-economic analysis of the hybrid systems. Two diesel power generation sets (D1, D2) each of 5 kW capacity have been considered. Multiple power generation sets are used to reduce excess. The operating/spinning reserve is surplus electrical generation capacity (over/above the load) that is instantly available to serve/cover additional loads. It provides a safety margin that helps ensure reliable electricity supply even if the load were to suddenly increase or the renewable power output were to suddenly decrease.
Several simulations (assuming diesel fuel price of 0.1 $/L) have been made by considering different PV capacities. The PV capacity has been allowed to vary from 0 to 24 kWp. The battery storage/bank size (in kWh) considered is to three load-hours/autonomy (equivalent to three hours of average load, i. e. equivalent to three Surette batteries with details listed in tab. 3). The study assumptions made for making simulations on HOMER are presented in tab. 3. An earlier study indicates that maximum benefits of battery storage can be realized for a battery capacity of 3 hours of autonomy [8] . In this context, battery storage in the present study has been considered as 3 hours of average load. The results of simulations (for diesel price of 0.1 US$/L) for different PV penetrations for Yanbu (for a given battery storage of 3 hours; equivalent to 3 hours of average load) are presented in tab. 4 emissions that can be avoided (tons per year), cost of energy (COE) generation, $US/kWh) of 1 kWh of energy, etc.
As a starting point (and as a reference), simulations have been performed for PV-diesel systems with zero PV. The COE from diesel system (10 kW diesel system, nostorage, 0% annual capacity shortage) with 0% PV fraction has been found to be is 0.129 US$/kWh as shown in tab. 4. However, for this scenario, the diesel fuel consumption (13,902 L per year) and carbon emissions (10.03 tons per year) are on the higher side as compared to the situations with presence of PV and battery storage. It can be noticed from the results (tab. 4) that in general the PV penetration (renewable energy fraction) has varied from 0 to 68%. In an isolated system, renewable energy contribution of 68% is considered to be high. Such a system might be very difficult to control while maintaining a stable voltage and frequency. The level of renewable energy fraction in hybrid systems (deployed around the world) is generally in the range of 11-35% [19] . A trade-off/balance need to be established between different feasible options.
The simulation results indicate (tab. 4) that for a hybrid system composed of 4 kWp PV system together with 10 kW diesel system and a battery storage of 3 hours of autonomy (equivalent to three hours of average load), the PV penetration is 21%, (with 0% capacity shortage). The cost of generating energy (COE, US$/kWh) from the hybrid system has been found to be 0.180 $/kWh (assuming diesel fuel price of 0.1 $/L). Also, for a hybrid system composed of 8 kWp PV system together with 10 kW diesel system and a battery storage of 3 hours of autonomy (equivalent to 3 hours of average load), the PV penetration is 38%, (with 0% capacity shortage). The cost of generating energy (COE, US$/kWh) from the hybrid system has been found to be 0.215 $/kWh. Literature indicates that COE from PV systems is about 0.20 US$/kWh [35] [36] [37] [38] . The study has examined the impact of PV penetration on: carbon emissions, diesel fuel consumption, NPC (US$), COE, (US$/kWh) as shown in tab. 4 . It has been observed that increase in PV penetration results in increase in COE and NPC. On the other hand, increasein PV penetration results in decrease in diesel fuel consumption and carbon emissions. These are welcome features because several countries world-wide are putting significant efforts to reduce diesel fuel consumption and hence to cut-down on carbon emissions. This is a way forward for sustainable green (carbon-free) future. It can be noticed from tab. 4 that the NPC with presence of PV system is high. This highlights that initial cost of PV system in hybrid system is predominant. However, annual operation and maintenance cost of PV system, is 0% of the total O&M + fuel cost.
The percentage fuel savings by using hybrid system (4 kW PV + 10 kW diesel system + 3 hours of battery) as compared to the diesel only situation is about 18% as shown in tab. 4. Moreover, percentage fuel savings increases by increasing the PV capacity. This indicates that introduction of PV panels decreases load on the diesel generators. The diesel fuel savings may only be quantifiable by justifying the additional capital expenditure invested in PV. It has also been observed (tab. 4) that the percentage decrease in carbon emissions with 21% PV fraction is about 18% as compared to diesel-only (zero % PV energy) case. The effect of PV penetration on diesel fuel consumption, carbon emissions, COE, excess energy generation, etc., has been demonstrated explicitly in figs. 5 and 6. For a given hybrid configuration, the study exhibits that increase in PV capacity results in decrease in the diesel-fuel-consumption/carbon-emissions and increase in COE/NPC/excess-energy. It should be mentioned over here, that more often, the excess energy produced goes un-used due to lack of demand (sometimes it is fed to dump loads). For a given PV capacity, the lower the excess energy the better is the economy of the PV-diesel-battery systems. The present study shows potential of Yanbu for utilizing of solar energy (hybrid PV-diesel power systems). Also, considerable attention is focused by different countries (such as France, Malaysia, Greece, Iran, Banglasesh, Thailand, etc.) world-wide on utilization of hybrid PV-diesel power systems [39] [40] [41] [42] [43] [44] [45] .
Conclusions and recommendations
In the wake of appreciable monthly average daily solar global radiation intensity (3.61 to 7.90 kWh/m 2 ), the study indicates that Yanbu in particular and KSA in general is a prospective candidate for deployment of PV power systems for residential applications in crisis. The simulation results indicate that for a hybrid system comprising of 4 kW PV system together with 10 kW diesel system and a battery storage of 3 hours of autonomy (equivalent to three hours of average load), the PV fraction/penetration is 21%. The cost of generating energy from the hybrid PV-diesel-battery system has been found to be 0.180 US$/kWh (assuming diesel fuel price of 0.1$/L). The study exhibits that for a given hybrid PV-diesel configuration, the number of operational hours of diesel generators decreases with increase in PV capacity. It has been found that for a given PV-diesel hybrid system, the decrease in diesel run time is further enhanced by inclusion of battery storage. The percentage fuel savings by using hybrid PVdiesel-battery system (4 kW PV, 10 kW diesel system, 3 hours storage) is 18% as compared to diesel-only situation. The percentage decrease in carbon emissions by using hybrid system (4 kW PV, 10 kW diesel system, 3 hours of battery, with 21% PV fraction) is 18% as compared to the diesel only scenario. More importantly, with use of the hybrid system, about 2 tons per year of carbon emissions can be avoided entering into the local atmosphere.
Investments in mobilization of hybrid PV-diesel system technology may stimulate/gear-up the local economy (in a long-run) by exploitation of available local resources. The present work shows that a fraction of KSA energy demand may be harnessed from PV systems. The findings of this investigation can be employed as a frame-of-reference in designing of hybrid PV-diesel-battery systems for other locations having similar climatic and load conditions.
